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Abstract 
The structure of production networks is mainly determined by the amount of production sites, the number of people 
working in these production sites and the distribution of products and production processes. Due to the dynamic and 
unpredictable changes in global market requirements production networks have become more and more complex 
driven by the growth of multinational companies through acquisitions and set ups of production plants. This paper 
presents an approach to design production networks with an optimal level of structural complexity in order to increase 
the efficiency of production processes around the world. The approach consists of two basic elements: firstly, the 
structural complexity is captured via characteristic parameters and quantified. The main characteristics of a production 
network such as the amount of production sites, the number of employees and the product and process distribution 
form the basis for the quantification. The second cornerstone is set by the intelligent visualization of  the structural 
complexity with respect to organizational and communication aspects. Organization and communication structure of a 
company can be optimized comparing different production network scenarios, hence increasing the overall efficiency 
within global production networks. A validation of our approach is presented using a data set of a recently conducted 
industry project. Different network scenarios of a global manufacturer in the mechanical engineering field are 
compared to point out design rules for the optimization of structural complexity within the company.  
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1. Introduction 
The environment for companies worldwide is 
complex. According to a study by IBM, the majority of 
CEOs expect the world to become even more complex in 
the next years. In order to deal with this situation, CEOs 
develop creative approaches to change business models 
and introduce innovative ways for leading and 
communication. [1] 
The mayor challenge for a CEO is the decision 
overload based on the amount of task and decisions he or 
she has to deal with. Compared to the 70 decisions an 
average person has to make per day, a CEO works on 
approximately 139 tasks and makes 250 decisions. Due 
to the amount of decisions, most of them have to be done 
in short time. 50 percent of the decisions of a CEO are 
made in less than 9 minutes and only 12 percent take 
longer than an hour. [2] 
In this paper, we want to support the decision process 
for the complex problem of designing internal 
production networks of globally active companies by 
defining a set of parameters to characterize the structural 
complexity in production networks. Based on those 
parameters indicating communication processes, we 
develop an assessment method to compare the structural 
complexity of network scenarios.  
2. Requirements 
This paper is divided into two parts. The first part is 
dedicated to the measurement of complexity in global 
production networks. The measurement should be done 
capturing parameters representing complexity-driving 
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elements of production networks. These parameters 
should cover the complexity on three levels: production 
line (shop floor), organization of the production sites and 
network structure. The second part includes the 
visualization of the structural complexity by means of 
communication processes in production sites as well as 
in global production networks when comparing a set of 
scenarios. 
Therefore, the tasks pursued in this paper are: 
 Definition of complexity parameters to capture the 
complexity of global production networks 
 Development of a visualization concept to 
incorporate complexity in the network design process 
The concept to indicate structural complexity by 
visualizing communication processes will be validated 
using data from an industry project with a global 
manufacturer. 
3. State of the Art 
3.1. Measuring structural complexity 
objects we perceive as difficult, nontransparent and 
incomprehensible. These objects have in common that 
they show a variety of different behavioral patterns as 
well as a high degree of uncertainty, both existing either 
combined or separately. [3] 
Complexity appears in two different ways [4]: 
structural complexity arises from the number of 
elements and relations of a system and the different kind 
of states these elements and relations can possess. 
Therefore, the term structural complexity expresses the 
variety of a system. The other type of complexity is the 
functional complexity and describes how complexity is 
handled by a system. It indicates the gap between the 
actual problem solving requirements and the systems 
potential to handle complexity, limited by cognitive and 
capacitive barriers or resentments. [3],[5-6] 
The focus of this paper lies on the former type of 
complexity because scenarios consisting of elements and 
relations of network configurations are assessed. The 
measures presented are therefore designed to cover the 
structural complexity of a system.  
Klaus calls the type and amount of relations between 
elements connectivity. Apart from this measure for 
relations, he names the variety of elements complicacy. 
With this distinction, it can be shown that complicacy is 
always a cause for complexity. Then again, complexity 
can also exist with few elements in a system (a low level 
of complicacy). [7] 
Another way to measure structural complexity is 
given by Kornwachs and Lucadou who define two 
different kinds of densities: the connection density and 
the structural density. The connection density is created 
by dividing the current relations of a system by the 
maximum number of relations of one kind of system.  
The structural density is defined by ratio of the sum of 
all connection densities for all kinds of connection and 
the total amount of different kinds. This leads to a 
structural density of 1 f all possible relations are 
carried 8]. 
Entropy, a measure developed by Shannon, captures 
the amount of information as well as the degree of chaos 
in state spaces or event spaces. The idea behind this 
measure is that a system is featured with a higher order 
if there is a higher probability for certain states to appear 
than for others. Therefore, entropy is defined in a way 
case the probability of all events is the same, the 
maximum value for the entropy of the system online 
depends on the absolute number of events [9], [10]. 
Regarding the assessment of network configurations, 
Klaus delivers a valuable approach for the purposes of 
this paper by dividing the structural complexity in one 
parameter to measure the number of elements (plurality) 
and one parameter to measure the types and amounts of 
relations (diversity). Based on this idea, we will develop 
a set of characteristic parameters for this paper to 
determine the plurality and the diversity of production 
networks on three levels: production level (shop floor), 
site level and network level.  
3.2. Assessing communication structures in 
organizations 
Communication plays a key role in the management 
of networks and therefore also for handling complexity. 
In this chapter, we present different research results from 
systems theory, architecture and biology that stress the 
importance and the limitations of communication in 
organizations. 
According to Luhmann, communication can be 
interpreted as a systems way to self-energize. The 
stimulus caused by a social interaction necessary for 
communication leads to the formation of structures that 
prove themselves under given conditions. When the 
process of communication is kept running, it creates two 
phenomena: redundancy and difference. Redundancies 
arise from the processes of sharing information and lead 
to an overspill that helps to prevent losing information. 
Differences describe a situation where the information 
It represents a mechanism of self-correction to prevent 
spreading errors and mistakes. Communications results 
in the formation of systems while generating thematic 
structures and redundant contents. [11] 
Allen and Henn stress that awareness is built through 
communication and therefore forms an important factor 
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for management. Using the example of a product 
development process, they point out that the exchange of 
information in any kind of way is crucial for a successful 
implementation. According to the authors, personal 
communication is highly beneficial, counting up for 80 
percent of the information concerning new ideas. 
Therefore, the success of communication processes 
decides whether the goals of a project are met or not. 
Since communication arises from the interaction of 
people, Allen and Henn promote the idea of 
reconfiguring the physical working space to support the 
critical communication processes. [12] 
Dunbar et al. find that the size of the neocortex, a part 
of the brain linked to the social capabilities of primates, 
defines the maximum number of relationships a primate 
can have. Analyzing the size of different primates, 
Dunbar et al. state that the size of the neocortex of 
humans correlates with 150 relationships, a number that 
can be verified by the size of ancient hunter-gatherer 
communities. Another result are the circles of intimacy, 
categorizing relationships based on the intimacy a 
person has with another. He finds that close relationships 
can only be maintained with a group of up to five 
persons. Both characteristics, the maximum number of 
relationships and the size of the close group are limited 
by the cognitive capacity of the brain as indicated by the 
size of the neocortex. [13] 
Summing up the results of these research approaches, 
communication influences the structure of systems like 
organizations. Furthermore, it is highly important for the 
management of processes like manufacturing processes 
in global networks to build up an efficient 
communication culture. Lastly, communication is 
limited to a maximum number of direct and indirect 
persons due to cognitive barriers and the complexity of 
communication in huge networks. We assume that by 
measuring the ability for communication of a network, 
we detect how successfully complexity can be handled 
in production sites and global networks under given 
restrictions.  
3.3. Designing production networks 
Another aspect to look at is the existing approaches 
for the design of production networks and the targets 
they focus on. Here, two main research directions can be 
distinguished. The first direction includes approaches for 
the optimization of production networks using 
specifically design algorithms. For a selection of such 
approaches we refer to Schuh et al. [14] 
The second research direction includes approaches 
that focus on the value creation by developing evaluation 
models. Since the aim of this paper is to define a set of 
complexity and communication evaluation tools, the 
following approaches belong to the latter direction. 
Merchiers develops a method to design and select 
different network structure alternatives by supporting an 
evaluation procedure. The approach puts emphasis on 
the , using an 
evaluation of the cost structure of a production network. 
Merchiers develops an evaluation procedure with three 
levels, each having a specific cost structure: module 
level, site level and network level. Furthermore, the 
evaluation procedure consists of a testing routine that 
includes the financial feasibility, the allocation of 
production sites and different network structure 
alternatives. [15] 
The approach of Ude consists of an evaluation of 
globally distributed value networks, being used as a 
support tool for decision-making. One of the main 
elements is a multi-dimensional target system that aims 
to design networks in accordance to several targets. The 
evaluation procedure contains two fundamental tools: a 
qualitative support tool for decision-making and a 
simulation model for quantitative evaluations. By 
combining these two tools, it is possible to define a 
ranking of network configurations whose scenarios can 
be tested for robustness using sensitivity or scenario 
analysis. [16] 
Lanza et al. create a software-based planning tool and 
an optimization method for versatile value networks.  In 
this approach, multidisciplinarity between production, 
logistics and organization is a key goal. Three central 
elements are on target: determining the need for 
transformation, evaluating transformation enablers and 
creating a continuous monitoring concept for networks. 
These three central elements are integrated into a control 
loop for versatile value networks. [17] 
It can be seen that production network design 
approaches mostly include monetary targets such as 
costs or revenues as described for the approach of 
Merchiers. Further aspects like multi-dimensional target 
systems Ude introduced improve the accuracy of design 
methods and help to select scenarios based on a broader 
understanding of important network features. A 
continuous improvement procedure as the one presented 
by Lanza et al. supports the idea of the permanent need 
for adaption given by the characteristics of a complex 
environment. The approaches at hand emphasize 
important aspects of global production networks, but do 
not contain ways to measure, visualize and incorporate 
complexity in the design process. This paper 
demonstrates a way to integrate complexity in the design 
process, taking conventionally designed network 
scenarios as a starting point to visualize different levels 
of complexity. 
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4. Methodology for the assessment of structural 
complexity in global production networks 
The methodology developed integrates two core 
elements, the characteristic parameters to measure 
structural complexity and the visual concept to evaluate 
different network scenarios into an assessment 
procedure. These elements as well as the procedure are 
described in this chapter. 
4.1. Characteristic parameters 
We determine the plurality and the diversity 
indicating the structural complexity of global production 
networks, distributed over three different levels by 
defining characteristic parameters. 
The first level we describe is the production program  
for each production site of a production network. To 
measure the structural complexity of the production 
program, we distinguish two characteristic parameters: 
the production volume (plurality) and the number of 
product groups (diversity) each site has to produce. 
By expanding the view from the production process 
to the whole production site, we also have to take 
organizational and communication processes into 
account. Hence, the second level of characteristic 
parameters consists of the number of direct and indirect 
FTEs (full-time equivalents) representing the plurality 
and the hierarchical structure of the production site 
(number of hierarchical levels, span of leadership) 
representing the diversity. 
On the third level, the holistic network structure itself 
is observed. Here, the characteristic parameters for 
measuring the structural complexity are the number of 
production sites (plurality) and the number of 
relationships between them (diversity). 
Production volume
at production site i
Production program
Number of product groups 
at production site i
Plurality Diversity
Number of direct FTEs
at production site i
Organization of the production site
Span of leadership
at production site i
Number of hierarchy levels 
at production site i
Number of production facilities
Network structure
Number of relationships in the network
Number of indirect FTEs
at production site i
 
Fig. 1. Summary of the characteristic parameters to measure structural 
complexity 
In Fig. 1, a summary of the characteristic parameters 
and the corresponding levels in a production network is 
presented. All of these indicators directly or indirectly 
influence the intensity and range of communication 
processes in a network. Therefore, in the following 
visualization concept, some parameters are directly, 
some indirectly observed.  
4.2. Visualization concept 
The visualization concept used is divided into three 
elements, each illustrating selected complexity 
parameters related to communication in production 
networks.  
The first element is a tree map of the network 
configuration representing the resource capacity used in 
each production site of the network. Tree maps, 
introduced by Johnson and Schneiderman, are based on 
an algorithm that subdivides hierarchical data (such as 
the resource capacity per site) recursively, mainly using 
the standard shape of a rectangle. [18] The resource 
capacity used is based on the specific production 
program, therefore representing two characteristic 
parameters: the production volume and the number of 
product groups of each production site. This tree map 
indicates two things: First, it shows what kind of 
production volume/number of product groups a 
production site has to communicate about. Second, it is 
an indicator for the total landed costs of a site, given that 
each location of a production site has different labor 
costs. The total landed costs are commonly used in 
conventional design approaches to decide which network 
scenario is optimal. 
The second element is a communication graph based 
on the approach of Pentland for visualizing team work 
relationships. [19] The concept was adapted to be 
suitable for graphing the intensity of communication 
between the production sites of a network based on the 
necessary information exchange for process and volume 
splitting. Therefore, two characteristic complexity 
parameters are used: the production volume and the 
number of product groups define the the intensity of 
communication between production sites. In this graph, 
three kinds of intensity are distinguished. No 
involvement of a production site in the network is 
indicated by missing links to that site. Medium intensity, 
being illustrated by thin, blue lines, takes place below a 
network specific threshold of production volume/product 
groups at a specific site. Process and volume splitting 
above this threshold is marked by thick, red lines. 
Furthermore, the headquarter of a network coordinated 
solely by on company is indicated with the letter
Leaving out headquarter from a production network 
might lead to a situation where important information 
beneficial to handle complexity is not available.   
The third element is a graph developed to express the 
internal communication in a production site, based on 
the span of leadership and the product group related 
number of indirect FTEs. This graph shows the number 
of supervised employees and product group each indirect 
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FTE is responsible for, representing two characteristic 
complexity parameters. The indicator measured is the
maximum distortion (maximum distance) of the
described ratio (span of leadership over product group
related number of indirect FTEs) of one production site 
value to the all over average. The higher the value of the
maximum distance the more effort has to be put on the
internal communication of these deviating production 
sites. This leads to a higher level of complexity in the
network.
Figure 2 shows the three different elements of the
visual concept.
T
K
C
M
PB
E
I
Indirect FTE/product group
Span of leadership
Visual concept
Element 1: cost analysis Element 2: network 
communication
Element 3: internal 
communication
(HQ)
Fig. 2. Visual concept for the assessment methodology
4.3. Assessment of global production network scenarios
Using the visual concept described above, an
assessment methodology is developed to analyze
communication-dependent structural complexity in
different global production network scenarios. The
methodology consists of three steps following the
structure of the visual concept and a final goal-based
scenario analysis. 
The first step contains a comparison of the total
landed costs based on the number of different production 
sites and the amount of necessary resources. The
different scenarios are evaluated expressing the total
landing costs of each scenario as a percentage of the
costs of the priciest scenario. The order resulting from 
this step starts with the least expensive scenario leading
to the one with the highest costs.
The second step is the analysis of the network 
communication necessary for each scenario. It shows the
intensity of communication in a scenario between two 
sites based on the distribution of production volume and
product groups. This intensity of communication
corresponds to the capability to handle structural 
complexity in the network. Comparing different levels of 
medium and high intensity, an order of the considered
network scenarios is determined that might differ from 
the order based on studying different cost structures.
The final step takes the internal communication of a
production site into account. Research has shown that 
efficient communication structures are limited by the
capability of the brain to process relationships. By 
adapting this concept to an organization such as an 
production site, it can be stated that strong deviations 
from the average value of responsibility of indirect FTEs
for employees and resources lead to inefficient 
communication structures and therefore to lower abilities 
to handle complexity. Regarding the maximum distance 
described above as an indicator for this kind of 
inefficiency, another order of the considered scenarios 
can be defined.
Lastly, the different orders resulting from the three
steps of the visualization concept have to be interpreted 
according to the goals of the company running the
production network. One important factor can be that all
important sites such as headquarters are involved in the
favored scenario.
5. Validation of the assessment methodology
The example used to validate the assessment 
methodology is based on an industry project of the WZL
() with a gear box producer that planned to optimize its
global production network. Out of the different scenarios
suggested during this project, three are taken to
demonstrate the impact of the assessment methodology
present (Fig.3).
95%
Scenario 3Scenario 2Scenario 1
91% 100%
(total costs of considered scenario relative to highest scenario)
T
K
C
M
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E
I
T
K
C
M
PB
E
I
T
K
E
I
(Average medium/high intensity of communication)
2,6/0,9 3,2/0,9 0,3/3,0
Indirect FTE/product 
group
Span of leadership
Indirect FTE/product 
group
Span of leadership
Indirect FTE/product 
group
Span of leadership
(Maximal distance to average organizational index)
50 47 15
Production site
Site in production
network
High intensity
of communication
Medium intensity
of communication
(HQ)(HQ) (HQ)
Fig. 3. Validation of the assessment methodology using data from an 
industry project with a gear box manufacturer
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The distribution of the production analyzed in the 
first step within the network leads to a high level of total 
landed costs in scenario 3 and lower levels of the total 
landed costs in scenarios 1 and 2 with 2 having the 
lowest. Therefore, based on the cost analysis as the only 
indicator, scenario 2 would be chosen. 
In the second step, scenario 3 shows in fact the 
highest intensity of communication within the network 
whereas scenario 1 and scenario 2 only differ from the 
level of medium intensity. Furthermore, in scenario 2 the 
headquarters are not integrated in the network leading to 
an unfavorable situation for complexity handling. As a 
result, the order according to the second graph favors 
scenario 3 over scenario 2 (where the medium intensity 
is higher) over scenario 1. 
The analysis of step three points out that the deviation 
from the average maximum distance value is the lowest 
for scenario 3 while the values for scenario 1 and 
scenario 2 are significantly higher. The difference 
between these two is negligible. 
Finally, the interpretation of the different scenario 
orders from the three steps leads to a differentiated 
picture of each scenario. Scenarios 1 and 2 are preferred 
from a monetary point of view because of their low 
levels of total landed costs, but are not preferable when 
it comes to the scenario`s features in terms of network 
and internal communication. A more expensive scenario 
such as scenario 3 is able to support a better 
infrastructure for the communication within the network 
as well as inside each production side. Especially for 
production networks where complex products are 
manufactured using extensive production processes such 
as in the case of a gear box producer, considering a 
communication-optimized scenario (scenario 1 or 3) 
rather than a solely cost-optimized scenario (scenario 2) 
can outperform the cost savings in terms of meeting the 
  
6. Conclusion 
Management and design of global production 
networks are a major challenge for each company. 
Therefore, tools are required to support the assessment 
of possible network scenarios and to help making 
decisions based on specific goals of a company. The 
assessment methodology in this paper supports the 
evaluation process of different network scenarios. 
However, it is not an absolute solution applicable for any 
kind of network design decision. It rather is an additional 
communication and has to interpreted case by case. 
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